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ABSTRACT The traditional power market only considers the cost for electricity users, the willingness-to-
pay, and the priority of electricity consumption. From the perspective of the electricity industry, only stable
power supply, generator equipment set expansion, new power plant construction, and the strengthening
of the transmission grid can meet the requirements of electricity users. In recent years, the distributed
generation (DG) and energy storage system capacity in microgrid have gradually increased, effectively
reducing and suppressing the demand from traditional power sources. In addition, incentive or contractual
strategies, such as time-of-use and real-time pricing, can also encourage electricity users to change their
electricity consumption behaviors. If the DGs can be integrated into generation aggregators in cooperation
with demand response (DR) and efficient load direct/indirect) controls, it can meet the users’ demands in
auxiliary service (AS) market, as well as achieve a win-win mode for the electricity industry and electricity
users. Hence, this study proposes the contract theory (CT) to estimate the interruptible power of the user
group (DR aggregator) for DR during peak periods. Then, according to the user group’s DR, the dynamic
game model (DGM) is used to effectively allocate AS power under the consideration of the DG resource risk
situation. In the aggregator business market, experimental results will show that the proposed methods can
suppress the use of traditional power sources, effectively activate the proportion of schedulable DG, increase
system flexibility, and increase billing charges.

INDEX TERMS Distributed generation (DG), demand response (DR), contract theory (CT), dynamic game
model (DGM), interruptible power, auxiliary service (AS).

I. INTRODUCTION
In recent years, Taiwan’s electricity load has continued to
rise and repeatedly set new high records during the summer
season. Operating reserve (OR) is also hitting a record low
for the past decade (only 1.64% remaining), resulting in the
start of high-cost, inefficient generators.WhenOR is less than
6% (<0.90 GW), the red light of the power rationing warning
is displayed. If it continues to fall below 0.50 GW, the black
light of limited power will be displayed and outcomes such as
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industrial power limitation or rotational load shedding must
be activated. Hence, all countries in the world have adopted
DR strategies to suppress loads during peak and partial peak
periods, to set the demand management schemes for different
electricity price structures according to efficiency of usage,
time period, season, and interruptible power [1]–[2]. In an
electricity liberalized market, if we can cooperate with the
advanced metering infrastructure (AMI), the smart meter can
be detected and controlled at the load end, and an optimal
DR strategy can be implemented to suppress the peak power
consumption or generator sets (fuel- or gas-powered units)
with high fuel costs. In addition, due to the wholesale market
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TABLE 1. The DR strategies and fluctuating price deduction (Reliable Mode).

FIGURE 1. Aggregator (demand and generation aggregators) business model in smart grids.

competition, user demand participation can also completely
reflect reasonable electricity prices, which can suppress elec-
tricity prices and relieve periodical or regional transmis-
sion line congestion (reduce line power loss), thus providing
a mechanism to maintain power system’s safety. The DR
mechanism has been proven to effectively change a user’s
electricity consumption behaviors and moderately reduce the
demand for power during peak periods.

Due to the internet-based communication and AMI in the
smart grid environment [3], [4], electricity users, includ-
ing individual large groups of users and individual ones,
can use their smart meters to control their personal elec-
tricity consumption. Hence, the price and electricity avail-
ability can be known through the networked information
system [5], [6]. Furthermore, the time-of-use, real-time pric-
ing, critical-peak pricing, and peak-hour feedback price, are
provided in response to DR using a price-based pricing strat-
egy to set the electricity price or incentive payment, which
can effectively change user behaviors and usage time, whose
purpose is to reduce the electricity consumption in the peak
period [5]–[7]. When devising the DR strategy, the ‘‘direct
load control (DLC)’’ or ‘‘indirect load control (ILC)’’ mode
can be implemented to cut off the user’s unimportant or
controllable loads by using the incentive or contractual strate-
gies [2], [8]–[12], as seen in Figure 1. In addition, the power
company can check the users’ immediate power consumption
through a monitoring center. For an incentive strategy such
as electricity price discount or reduction, as seen in Table 1,
the electricity user can schedule the continuity or intermittent

load, which can reduce peak power consumption or change
peak periods, as the so-called ILC mode. The DR strategy
can reduce the use of generators with high fuel cost during
peak hours. In addition, via collecting data records of smart
meters, the electricity industry can analyze the users’ usage
behaviors and select the suitable DR strategies, decentralize
power distribution, and implement green energy development
policies.

To reduce the transaction costs of performing DR between
the electricity industry and the user groups, past litera-
tures [2], [5]–[8], [13], [14] have pioneered the aggregator
business model in liberalized power markets (United States,
2,000 years, as seen in Figure 1. Aggregators can be divided
into two roles namely, demand and generation aggrega-
tors [15], [16]. In an aggregator business model, aggregators
can combine a group of customers into a single electricity
purchasing unit and pool DG resources, resulting in the reduc-
tion of the expensive power generation and transmission costs
from the main grid [16], [17]. A demand aggregator can be a
for-profit or non-profit organization, such as a representative
of the public user group or private user group. Hence, a large
number of small users can be united in a strategic alliance
manner to become a ‘‘virtual customer,’’ including residential
users, business district users, and small and medium indus-
trial users. A demand aggregator can negotiate preferential
tariffs with the electricity companies through group or bulk
purchases. Individual users who participate have the right to
choose ‘‘participation’’ or ‘‘exit’’ in each DR strategy, such
as the one-hour-ahead or the two-hour ahead strategies. After
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deciding on the purchase plan and bidding, the dispatch center
and scheduling coordinator will provide the transmission and
distribution services. In recent years, the role of generation
aggregator is also added in this business model to form
a ‘‘virtual power plant (VPP)’’ [16], [18]–[20], which can
perform the AS and monitor the availability of DGs in the
user group at any time. It can also provide information to
demand aggregators using the virtual net metering (VNM)
network, as well as distribute and schedule electricity use
for participating users, such that excess power can be sold to
the electricity industry or another demand aggregator. Thus,
aggregator business model integrates demand and generation
aggregators, as seen in Figure 1, to implement the DR and
AS strategies. Under this business model, individual elec-
tricity users can select and join any demand aggregator. Its
advantages include users having multiple power purchase
options, which stimulates the electricity industry to propose
an incentive strategy to the user, that can reduce the demand
and line loss during peak periods for high- priced electricity
from the main grid [3].

In the traditional power market, while performing the
DR, electricity operators use the DLC mode to cut off the
users’ loads during peak periods. Its scheme lacks inter-
ruptible power estimation and DG resource dispatch. Based
on the above aggregator business scheme, contract the-
ory (CT) [21], [22] is carried out using novelty formulas
to estimate interruptible power with rewards. The process
considers the users’ demands, electricity purchased cost,
DG available capacity, and risk evaluation (uncertain renew-
able energy [15]) to determine the appropriate interruptible
power along with the price or incentive payment [11], [23],
leading to both electricity industry and user groups can get
profits and rewards. Each demand aggregator can cooperate
with multiple generation aggregators and use the dynamic
game model (DGM) [14], [24]–[28] to evenly distribute the
DG resources, such as renewable energy capacity, AC power
generation capacity, and energy storage system capacity, all
of which are based on user participation intention, interrupt-
ible power, user demand, and decentralized power supply
risk factors. In this study, according to the one-hour-ahead
strategy and DG information, we will consider the virtual
customer across three user groups as a case study to verify the
feasibility of the proposed methods for DR and AS tasks. The
remainder of this article is organized as follows: Section II
describes the Methodology, including the DR and AS Strate-
gies, interruptible power estimation with the CT, and DG
distribution with the DGM. Sections III and IV present the
Experimental Results, Discussion, and Conclusion, as select-
ing the day-ahead strategy and the one-hour-ahead strategy to
validate the feasibility of the proposed methods.

II. METHODOLOGY
A. DR AND AS STRATEGIES
In the aggregator business market, electricity customers no
longer have a single role as electricity users, they can have

multiple roles including power purchase, agent purchase,
power supply, and so on, which have actively promoted the
DG development and technology advancement in European
and American countries. The virtual customer composed of
user groups has the dual role of consumers and power pro-
ducers. In this new electricity market model, public/private
aggregators and electricity industry form a strategic alliance
to perform the DR and AS tasks [20]. In addition, it is also
necessary to cooperate with public construction and incentive
strategies, as follows:
• Public construction: promote the DGs expansion and
deployment, energy storage systems construction, and
internet building, and encourage public utility invest-
ment, such as a small decentralized power genera-
tion and energy storage system at the customer end,
for example, the US and German governments have
invested in VPP to expand their spare power capacity
as much as possible [29].

• Incentive strategy: the price is set according to the time
of use, allowing a preferential price offering to temporar-
ily interrupt or adjust the user’s partial electricity con-
sumption. For example, as seen in Table 1, the electricity
tariff deduction standard for DR is used to suppress the
peak load during peak or partial peak periods. Users can
then reduce the load according to the DR contract.While
executed by the demand aggregator, the interruptible
power of the participating users will be performed with
the DLC or ILC. If the suppressed load is achieved
each time, the rewards are distributed, according to the
contract. For example, the US Pacific Power and Gas
Company (PG&E) must have a minimum of 75% of the
agreed load capacity; otherwise, a fine will be applied if
it is less than 50% [30], [31].

To achieve the balance between supply and demand, theAS
must provide sufficient spare capacity, load control, fre-
quency control, and voltage control to immediately meet the
operating conditions [14]. With the premise of saving energy
and reducing carbon emissions, each dispatch is preferen-
tially provided with renewable energy (wind and solar) and
energy storage, and then excess renewable energy is resold to
the electricity industry or near generation aggregators. If there
is insufficient renewable energy (because of weather-related
factors), it can use AC power generator (micro turbines) to
provide the reserve power. Hence, this study proposes that
CT [21], [22] and DGM [24]–[28] can be used to estimate the
interruptible power and evenly distribute the DG resources,
which enables the implementation of DR and AS operating
procedures.

B. INTERRUPTIBLE POWER ESTIMATION WITH CT
Before performing DR, the demand aggregator can monitor
the DG capacity at any time via the VNM network [18], [19].
When the user group agrees to participate in current DR
strategy, the demand aggregator performs the DR and delivers
the scheduling messages to the generation aggregator, which
provides the service of the AS to complement the power that
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FIGURE 2. Win-win mode of power utility and aggregators (demand and generation).

can be interrupted. As seen in Figure 2, the demand aggre-
gator must be able to obtain benefits, such as (1) electricity
purchased cost, (2) interrupted power capacity by the user
group, (3) incentive for the power that can be interrupted, (4)
DG capacity; and (5) risk evaluation, and for the electricity
industry, it has (1) pricing strategy (time-of-use and cumu-
lative electricity price), (2) payment according to electricity
price or incentive, suppressing users’ demand during peak
or partial peak period, (3) power supply stability assess-
ment, (4) system safety operation assessment, and (5) risk
evaluation. Thus, considering the users’ demands, electricity
purchased cost, DG available capacity, and risk evaluation,
CT method [21], [22] is derived the novelty formulas to
estimate the interruptible power capacity with rewards, as
• Electricity purchase cost, UE :

UE = E(p)− Eint = a× p− Eint (1)

where ‘‘p’’ is the electricity consumption and the param-
eter, ‘‘a’’, is the electricity price per kWh (TWD/ kWh).
The electricity industry adopts the price measurement
strategy, thus, the higher the cumulative electricity con-
sumption, the higher the electricity price. The price can
be divided into summer month (from June 1 to Septem-
ber 30) and non-summer month electricity price; and
Eint represents the cost savings of interruptible power
that can be reserved for the user group.

• Cost savings of interruptible power, Uint :

Uint = −Eint (p)+ Eint ±
1
2
VarDG

⇒ Uint = Eint,max − b× p+ Eint ±
1
2
VarDG

(2)

Eint,max < 0.5× UE,max (3)

The constraint condition is b > a, where b is the reward
price (TWD/degree) of the interruptible power; Eint,max
is the maximum interruptible power cost saving, and this
parameter is determined by the incentive strategy set by
the electricity industry. The participation user demand can
usually be lowered by 10%–20%. When the DG capacity
is sufficient, the target of 50% demand reduction can be
achieved [30], [31], and the Eint,max setting conditions are
as those in equation (3). When the constraint condition is
b > a, which means that the reward price b is greater than the
electricity price a, it can attract the user group to participate
in the DR strategy; UE,max is the maximum purchase cost in
a day; VarDG is the DG purchase cost, where +VarDG is the
increase of the capacity of the DG, and the excess power can
be sold to the electricity industry or other user groups. The
increase in capacity increases the profit; −VarDG indicates
that the DG can utilize the capacity reduction, which will
result in a reward for the power to be interrupted. Adding
equations (1) and (2), one can get the comprehensive cost
U = UE + Uint :

U = E(p)− Eint (p)±
1
2
VarDG

⇒ U = Eint,max + a× p− b× p±
1
2
VarDG (4)

Solving the intersection points of equations (1) and (4), (2)
and (4), as shown in Figure 3(a), the range of interruptible
power can be estimated as follows:U = a× p− Eint

U = Eint,max + a× p− b× p±
1
2
VarDG

⇒ pmax =
Eint,max + Eint ± VarDG

b
(5)
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FIGURE 3. Interruptible power estimation based on CT method.

U = Eint,max − b× p± 1
2VarDG

U = Eint,max + a× p− b× p±
1
2
VarDG

⇒ pmin =
Eint
a

(6)

When the user group performs the DR, the aggregator can
temporarily interrupt or adjust the user’s partial power within
the range of pmin < p < pmax . As shown in Figure 3(a),
it can reduce the high electricity price from the main grid
during the peak or partial peak period. If the immediate
DR is performed, with 1 h as reference, timing slot, h =
1, 2, 3, . . . , 24, the interruptible power that can be estimated
at time h is as follows:

Sint,h = [pmin,h, pmax,h] (7)

The demand aggregator can determine the interruptible power
based on the purchasing electricity cost, the cost saving
of interruptible power, and the DG capacity. In this range,
the user group can get the reward. Hence, the electricity
industry can get the profit of its electricity sales. If only

considering the comprehensive cost U, the range ofmaximum
interruptible power can be estimated using equation (4):

U = Eint,max + a× p− b× p±
1
2
VarDG = 0

⇒ p′max =
Eint,max ±

1
2VarDG

b− a
, (8)

The constraint condition is: a 6= b. Then, the maximum
interruptible power, pmax , is estimated using equation (8),
as shown in Fig. 3(a). Both the electricity industry and the
user group cannot obtain the maximum benefit. This study
is based on the incentive basis, the constraint condition is
‘‘b > a’’, and the adjustment parameter is k , k > 1. If consid-
ering the comprehensive benefit of themaximumbenefit [22],
then the equation (4) can be modified to equation (9):

U ′ = kE(p)− Eint (p)±
1
2
k2VarDG (9)

The parameter k is an adjustable parameter, and k2VarDG is
set to facilitate the differential operation. The differential is
as per equation (9) and is set to zero (U ′ = 0) to obtain the
maximum value:

∂U ′

∂k
= a× p± k × VarDG = 0 (10)

Then, it can solve the optimal interruptible power reward
Price, bopt , and adjust the parameter k , as

k = ap/VarDG (11)

bopt = k × a (12)

If we substitute equation (12) into equation (5), the maximum
interruptible power, pmax , can be modified as follows:

p′′max =
Eint,max + Eint − VarDG

bopt

=
Eint,max + Eint − VarDG

k × a
(13)

Then, if we consider the best interests of both parties, the
maximum interruptible power is pmax . From the perspective
of electricity industry, adjusting the parameter b = k × a
can provide an incentive strategy, and the range of maximum
interruptible power and the price of the interruptible power
per incentive conditions are as follows:

a < b < bopt ⇒ a < b < k × a (14)

The interruptible power price per kWh (TWD/kWh) can be
set in the range of Equation (14). If the parameter b is formu-
lated, the maximum interruptible power can be estimated by
Equation (5). The critical value of p′′max , and its range is as
follows:

Sint,h =

{
[Pmin,P′′max]
[P′′max,Pmax]

(15)

As seen in Fig. 3(b), the development of different interrupt-
ible power reward strategies will result in a comprehensive
cost of (1)–(3). With the range of interruptible power from
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Equation (15), the electricity industry can consider the power
supply stability, DG available capacity, and risk evaluation
to select the appropriate range of interruptible power along
with the price or incentive payment. Within this range, both
the electricity industry and the user groups can get profits,
translating into a win-win situation.

C. DG DISTRIBUTION WITH THE DGM
At the user end, demand aggregators consider the demand
for participating user groups and estimate the range of inter-
ruptible power. In this range, rewards can be obtained, and
this bonus can be applied to ‘‘purchase DG’’ or ‘‘public
equipment maintenance.’’ The interruptible power is allo-
cated according to the user’s demands and the available
DG resources are used to supplement the capacity of the
user group. If the renewable energy capacity is sufficient,
the renewable energy is given priority the demand aggrega-
tors can simultaneously perform AS task and cooperate with
more than two generation aggregators. The purchase, assisted
by the a generation aggregator, has its obligation to make up
for the interruptible power. For the notification time, such
as 15-min-ahead, 30-min-ahead, 1-h-ahead, 2-h-ahead, and
day-ahead strategies, the demand aggregator can perform DR
and AS, and each user can reduce their power consumption
according to the incentive strategy.

Under the immediate DR strategy, after the aggregator
purchases electricity, it can determine the purchase price
(announcement price) and DR capacity, with 1-h-ahead strat-
egy, where h = 1, 2, 3, . . . , 24. At this time, the required
capacity SDG,h can be obtained at time h for the DG, as seen
in Equation (16):

SDG,h = (
Nl∑
l=1

Spl,h)− (
Nl∑
l=1

Sl,h) = Sint,h (16)

where Spl,h is the original demand (kW) of each partici-
pating user; Sl,h is the demand (kW) determined by each
participating user, according to the announcement price and
the interruptible power reward; Sint,h is the willingness of
the user group to reduce the interruptible power load; and
l = 1, 2, 3, . . . ,Nl, represents the number of participating
users in the user group. The interruptible power can be esti-
mated using Equations (11)–(14). The demand aggregator
can use the DG capacity to determine the interruptible power
by each user, Sint,h (assigned according to proportion):

Sl,int,h = (Sint,h × Sl,h)/(
Nl∑
l=1

Sl,h) (17)

pmin ≤

Nl∑
l=1

Sl,int,h ≤ pmax (18)

When the aggregator determines the amount of electricity
purchased during period h, the ownership grade of each user
is estimated by equation (19), as seen in Fig. 4(a):

DRl,h = exp[−1× (
1− Sl,h/Spl,h

0.5
)2] (19)

FIGURE 4. Ownership function. (a) Ownership of participation in the DR,
(b) User’s ownership to DG resource demand.

DR′l,h = (1− DRl,h) (20)

where DRl,h ∈ [0, 1] is the grade of the user’s DR during
the period h, represented by an ownership grade of 0 to 1.
When it approaches to 1, it indicates that the user has high
willingness to participate. The higher the willingness to DR,
the higher the willingness to return to the original demand
after the interruptible power distribution. If the user does not
intend to return to the original demand after the interruptible
power distribution or is unwilling to participate, then the
ownership grade in will be lower (equal to 0 or approach
to 0). Conversely, equation (20) will increase or be closer to 1.
Note that Equation (20) is complementary to equation (19),
as shown in Fig. 4(a).

The user’s demand for DG resources, as shown in Fig. 4(b),
includes the renewable energy Srenew and the alternative
energy Sacgen. Because of the uncertainty of renewable energy
for the generation aggregators, renewable energy has the risk
of instability. This study focuses on the variation of renewable
energy ‘‘±VarDG’’ to consider DG resource allocation:

SDG,h =

Nl∑
l=1

Sl,int,h (21)

DRrenewDG,l =

1, 0≤SDG,h≤11

exp(
−1
2
×(

SDG,h−11

Srenew/Nl
)2), SDG,h>11

(22)

DRacgenDG,l =

exp(
−1
2
×(

SDG,h−12

Sacgen/Nl
)2), 0≤SDG,h≤12

1, SDG,h≥12

(23)

11 = Srenew ±
VarDG
K

, 12 = Sacgen ∓
VarDG
K

(24)
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TABLE 2. Dynamic game model strategy.

Among them, VarDG is the purchase cost variation (TWD)
of DG, and the parameter ‘‘K ’’ is the purchase price
(TWD/kW) of renewable energy. When the parameter K
decreases, the demand for the alternative power Sacgen
decreases; however, it increases the demand for Sacgen. The
DGM allocates the DG capacity based on the user’s DR and
DG resource requirements. The user’s DR can be divided into
two strategies [14], [24], [25]: (1) grade of willingness (coop-
eration) and (2) grade of unwillingness (non-cooperation).
The demand for DG resources can be divided into two
options: (3) renewable energy and (4) alternative energy.
The DGM strategy, as shown in Table 2, can be divided
into four combinations including: (1) cooperative, renewable
energy; (2) non-cooperative, renewable energy; (3) coopera-
tive, AC Generator; and (4) non-cooperative, AC Generator.
The representation of the four combinations is as follows [1],
[14], [27]:

Sl =
[
DRl,h × DRrenewDG,l DR′l,h × DR

renew
DG,l

DRl,h × DR
acgen
DG,l DR′l,h × DR

acgen
DG,l

]
=

[
sl1 sl2
sl3 sl4

]
(25)

If each user uses two DG supplies at the same time, the two
combined probability sizes can be added together to prioritize
the user groups for the demand, as shown in equation (26):

S+l = max[(sl1 + sl3), (sl2 + sl4)] (26)

The sorting method will adopt a cooperative strategy and
a non-cooperative strategy and allocate the available DG
resources [1], [18]:
• Renewable Energy Distribution-Cooperative Strategy:

Sl,renew = Sl,int,h × (
sl1

Nl∑
l=1

sl1 + sl3

) (27)

• Renewable Energy Distribution - Non-Cooperative
Strategy:

Sl,renew = Sl,int,h × (
sl2

Nl∑
l=1

sl2 + sl4

) (28)

• AC Generator - Cooperative Strategy:

Sl,acgen = Sl,int,h × (
sl3

Nl∑
l=1

sl1 + sl3

) (29)

• AC Generator - Non-Cooperative Strategy:

Sl,acgen = Sl,int,h × (
sl4

Nl∑
l=1

sl2 + sl4

) (30)

the constraint condition:

SDG,h = Srenew,h + Sacgen,h

= (
Nl∑
l=1

Sl,renew)+ (
Nl∑
l=1

Sl,acgen)

(31)

0.25× Sacgen,max ≤ Sacgen ≤ Sacgen,max (32)

0.50× Srenew,max ≤ Sstorage (33)

Among them, Sl,renew allocates capacity for each user’s
renewable energy capacity, and Sl,acgen allocates capacity for
AC generator capacity. Equations, (17)–(20), represent DG
that can be obtained after the user group adopts the coopera-
tive DR strategy. Equations, (21) – (24), are the combinations
of operation condition of the DG. The DG capacity SDG,h
must meet at least 20% – 50% of the maximum demand.
For the users who adopt non-cooperative DR strategy, they
can still participate in DG purchase, but must wait after
participating user group distribution.

III. EXPERIMENTAL RESULTS AND DISCUSSION
This study assumes a demand aggregator as a virtual user
consisting of 3 residential user groups. At demand side,
electricity users formed a group as a single electricity pur-
chasing unit, as evidenced from the daily demand profiles
of 3 residential users in Fig. 5(a). The daily demand profile
is shown as the peak period (10:00 a.m.–12:00 p.m and
13:00 p.m.–17:00 p.m) and partial peak period
(12:00 p.m–13:00 p.m), two timing periods, respectively. The
maximum demand, 52.8 kW, occurs at 10:00am, including
customer #1: 15.0kW, customer #2: 19.8kW, and customer
#3: 18.0kW. The generation aggregator can provide available
DG capacity throughout the day, as seen the DG profile
in Fig. 5(b), including AC Generator (20 kW), renewable
energy (solar and wind), and energy storage system capacity
of at least 50% of maximum demand. The DR can reduce the
peak period demand using the ILC, as a 20% of demand of
interruptible power during peak period, as seen pink solid line
in Fig. 5(b). In addition, the demand aggregator also performs
DR according to the participating contract. For example,
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FIGURE 5. Daily demand profile and DG capacity profile. (a) Virtual user
daily load curve, (b) Virtual user daily load curve, traditional DR
allocation, DR allocation with CT method, and DG capacity (including
renewable energy, AC generator, and storage energy).

the execution time can be from June to September (summer
month electricity), and the daily notification time can be
30 min, 1 h, 2 h, or day-ahead for DR. According to the
different notification timelines, the electricity fee deduction
standard is given, as shown in Table 1. This study selected
to adopt the ‘‘day-ahead’’ and the ‘‘1-h-ahead’’ strategies to
test the feasibility of the proposed strategy, and the results are
shown below:

A. DAY-AHEAD STRATEGY: PLAN OF ABOUT 20% OF THE
DEMAND OF INTERRUPTIBLE POWER PER TIME PERIOD
Peak period DR and DG resource allocation results are shown
in Fig. 6. This study assumes that the DR strategy is imple-
mented in a reliable mode, and the ‘‘day-ahead’’ strategy is
adopted to predict the possible demand of the user group
on the previous day and to reduce the load with more than
20% each time, according to the contract. At this time, each
user reduces power consumption according to incentives,
such as ILC, time-controlled switches and group control
switches, which can perform periodic operation strategies
from 10:00 am. to 5:00 pm for a total of 8 h, as seen, the DR

FIGURE 6. Day-ahead notification strategy.

curve (as red solid line) in Fig. 6. For a case study, during
the period of 10:00 a.m.-11:00 a.m., the interruptible power
capacity is 14.85 kW (maximum demand: 52.8 kW, demand
response: 37.95 kW). The demand aggregator only needs to
purchase 37.95 kWduring the execution period. Thus, the low
electricity price can also be purchased from the main grid.
In the 8-h DR, the average demand can be suppressed by
13.67 kW (26.89%) per hour with a peak at 10:00 a.m. The
10:00 a.m. - 12:00 p.m time period (peak period) is taken
as case studies. The results of DG resource allocation are
shown in Table 3. According to the electricity fee deduction
standard of Table 1, various DR strategies for different timing
notification are performed, and the user group can obtain the
electricity fee deduction reward, as seen in Table 4. The basic
electricity fee and variable electricity fee deductions were
$712.80 and $437.77, respectively. Demand aggregator can
make a contract with the user group and each time the electric-
ity bill is settled, the reward is also distributed according to the
contract or used to purchase the DG capacity subsidy fund.
The test can verify the feasibility of the proposed method.

B. ONE-HOUR-AHEAD STRATEGY: USING CT METHOD TO
ESTIMATE THE RANGE OF INTERRUPTIBLE POWER
Assume that all three residential users adopt cooperative
strategies, all of which are involved in DR and DG resource
requirements. During the peak period, the price per kWh is
4.00 TWD/kWh. The demand aggregator can plan a 20% of
demand of interruptible power every time. Its DR for peak
period planning is shown in Fig. 5(b) as a pink solid line. The
relevant parameters between electricity industry and demand
aggregators, including the cost of maximum interruptible
power savings, Eint,max (the electricity industry can tolerate
up to about 30% of the maximum demand), the cost-saving
Eint of the user group to save power, the cost of the DG,
VarDG, and the price of electricity per kWh, a (TWD/kWh),
as seen in Table 5.
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TABLE 3. Peak period (10:00a.m.–12:00p.m.) DG allocation results.

TABLE 4. DR strategy cost deduction results.

TABLE 5. DR allocation result based on CT method: recommended interruptible power, reward, and DG allocation.

If using day-ahead strategy, it predicts the possible demand
of the user group on the previous day, and then reduces
the demand for each time period by 20% according to the
agreed time. From 10:00a.m. to 5:00p.m, a total of 8 h can
reduce 76.44 kWh of electricity. This study implements the
DR strategy with a timing slot to plan the interruptible power
capacity with the CT method, which suggests the optimal
interruptible power capacity, as seen in Table 5 and solid red
line in Figure 5(b). Considering the peak demand, as case
study at 10:00 a.m., it notifies the scheduled suppression
of 10.56 kW (about 20%) is implemented at 10:00 a.m.
After the CT method is planned, it is recommended that the
interruptible power capacity is 8.87 kW (as seen in Table 5),
and the reward for interruptible power is 5.63 TWD/kWh,
which are about 1.41 times per kWh. During this timing slot,
the renewable energy capacity is sufficient to provide the
AS, aggregator can, through the VNM network, confirm the
available DG capacity, and deliver the scheduling commands

to the generation aggregator to provide a DG that can be
utilized.

For each user, this study uses a DGM to compute the
probability of the four combinations to get the maximum
probability as evaluation indicators in Equation (25). If a fully
cooperative combination is adopted, it would be as follows:

Indexl∗ = max{(s11 + s13), (s21 + s23), (s31 + s33)}

= max{(0.9493+ 0.0000), (0.9246+ 0.6622)},

(0.8150+ 0.0710)}

= max{0.9493, 1.5868, 0.8860}

Then, according to the value of index Indexl∗, the priority
order is arranged by the sorting algorithm, which is used
to identify the priority order for the DG distribution. The
index Indexl evaluates the possible distributed generation
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FIGURE 7. DR and interruptible power in 8 peak hours.

type during the contracted timing slot, and the user can
choose to participate or exit. When the user chooses to exit,
the assigned rights will be transferred to other users. In this

case study, the priority of evaluation results are showed as
follows:
User 2# = 1.5868 > User 1# = 0.9493 > User 3# = 0.8860,
The generation aggregator is applicable to
Equations (27)–(33) to allocate the DG to the user group,
as shown in Table 6. It performs the operation procedures
of ‘‘DR’’ and ‘‘AS’’, as shown in the Appendix.

Similarly, when the peak demand is not the maximum,
take 14:00 p.m. in the afternoon as a case study, the original
scheduled interruptible power capacity is 9.56 kW (as seen in
Table 5), and the CT method suggests that the interruptible
power capacity is 9.80 kW. Because of the demand from
the main grid during this timing slot, it has been reduced,
and the available capacity of the DG is sufficient; hence,
the interrupted power capacity is increased by 0.24 kW than
the scheduled, and the results of the DG scheduling are shown
in Table 6. According to the contract implementation of the
DR of eight time periods, the demand for the main grid can
be effectively reduced from 10:00 am. To 5:00 p.m (8 hours),
which can reduce the power consumption of 78.97 kWh.
On an average, the power consumption is suppressed by
9.87 kWh, and the average power consumption of the peak

FIGURE 8. DR and AS performing procedures.
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TABLE 6. Peak period (10:00a.m.-11:00p.m. and 14:00p.m.-15:00p.m.) DG allocation result.

period is about 20.91%, as shown in Fig. 7. At the same time,
according to the user’s demand, the available capacity of the
DG, the effective response of the optimal interruptible power
capacity, and the incentive to suppress the use of electricity
can be shown, which can help to avoid the capacity exceeding
the contract in peak hours. In addition, to effectively suppress-
ing the maximum demand during the peak period, it can also
reduce the power demand on the main grid and also the cost
of expensive fuel during the perk period, transmission and
distribution costs, and transmission and distribution losses.

Moreover, the demand aggregator can have contract with
the user group. Each time the electricity bill is settled,
the reward is distributed, according to the contract or used
to purchase the AS and construct the DG and energy storage
system equipment. The feasibility of the CT method is veri-
fied by the case studies. The DGM allocates the DG capacity
to each user according to the demand of the user group and
the demand for DG resources. The allocation result is shown
in Table 6. Because renewable energy capacity and energy
storage system capacity are enough to provide AS, the DG
distribution is primarily based on renewable energy, and three
users are allocated with 2.46 kW, 4.12 kW, and 2.29 kW
respectively. If there is sufficient renewable energy capacity
available, the generation aggregator can provide AS to other
groups of users or aggregators.

IV. CONCLUSION
Based on the aggregator business model, the demand aggre-
gator has the dual role of the electricity industry and the
execution DR agent. This study focuses on the use of DR
strategy and AS allocation to achieve power suppression from
the main grid, peak load suppression, and active DG sources.
Thus, increasing the use of DG can increase investors’
willingness to expand the capacity of energy storage sys-
tems, high-performance energy conversion equipment, small
renewable power generation systems, and small-scale power
plants. Integrating with the public construction of AMI, more
renewable energy operators or manufacturers are willing to
invest in the expansion of hardware and software equipments.
Under the aggregator business operation model, from the
one-way provision of user power service architecture, gradu-
ally adjust to the supply and demand sides to share real-time
information and two-way mutual sale of power. In addition to

the user’s own power consumption, the Open Access Same-
Time Information System can provide incentives such as
time price, instant price, and power outage, to attract users
to cluster and appoint an aggregator, and then execute DR
transaction bidding to obtain preferential electricity price.

This study has validated the CT and DGMmethods, which
can be applied to the aggregator business operation model
with the demand and generation aggregators. The CT method
is employed to estimate the optimal interruptible power
capacity such that both the electricity industry and the user
group can accept and perform within a smart grid. After the
DR, according to the user group’s demand, DG available
capacity, and risk evaluation, the DG resources can be fairly
distributed to the users participating in the cooperative DR
strategy using the DGM method. The experimental results
show that the DR and AS allocation can be implemented
during the peak periods, and he average power consumption
of the peak periods can be educed about 20.91% within
8 timing slots.

After implementation, the user group gets the electricity
cost deduction and can reduce the power demand from the
main grid. In addition to effectively utilizing the power of DG
supplies, the bi-direction communication (intero-perability
and security) functions of smart grids, such as smart meter
devices and VNM networks, should be strengthened to actu-
ally grasp the power consumption of the user group and
monitor the status of the DG. In addition, government policies
are required to encourage the construction of regional power
pools at the customer end, such as a small decentralized
power generation, energy storage systems, solar photovoltaic
system, and electricity cogeneration, for example, the instal-
lation of roof-type agricultural-land, and stagnation-pond
solar photovoltaic systems, which can increase renewable
energy capacity, thereby relieving the risk of unstable renew-
able energy. Under this business operation model structure,
it is expected that the electricity industry and the user group
will achieve a win-win situation.

APPENDIX
The procedure of DR and DG distribution is shown in
Figure 8. Based on 1-h-ahead strategy, one day can be
divided into 8 timing slots. During the contract timing
slot, including peak period (10:00 a.m.- 12:00 a.m. and
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13:00 p.m.–17:00 p.m.) and partial peak period (12:00 p.m.–
13:00 p.m), each DR aggregator can perform the DR schedule
via 1-h-ahead strategy and announce the electricity price,
customers’ electricity demands, DG demand, and available
DG capacity. Using the proposed CT and DGM methods,
the DR schedule can be achieved with the estimated inter-
ruptible power capacity, and then the DG distribution can
be determined in the contractual timing slot by the DGM
method.

REFERENCES
[1] L.-Y. Chang, Y.-N. Chung, S.-J. Chen, C.-L. Kuo, and C.-H. Lin, ‘‘Demand

response and ancillary service management using fractional-order integral
indicator and dynamic game model for an aggregator program in smart
grids,’’ in Technology and Economics of Smart Grids and Sustainable
Energy, vol. 1. Singapore: Springer, 2016, pp. 1–16.

[2] C.-H. Lin, J.-L. Chen, C.-L. Kuo, L.-Y. Chang, and N.-S. Pai, ‘‘Electronic
load demand responses in a dcmicrogrid using a virtual internal impedance
screening model and PID controller,’’ in Technology and Economics of
Smart Grids and Sustainable Energy, vol. 3, no. 2. Singapore: Springer,
Dec. 2018, pp. 1–14.

[3] K. S. Reddy, M. Kumar, T. K. Mallick, H. Sharon, and S. Lokeswaran,
‘‘A review of integration, control, communication and metering (ICCM) of
renewable energy based smart grid,’’ Renew. Sustain. Energy Rev., vol. 38,
pp. 180–192, Oct. 2014.

[4] W.-T. Li, C. Tuen, N. U. Hassan,W. Tushar, C.-K.Wen, L. K.Wood, K. Hu,
and X. Liu, ‘‘Demand response management for residential smart grid:
From theory to practice,’’ IEEE Access, vol. 3, pp. 2431–2440, 2015.

[5] O. Gulich, ‘‘Technological and business challenges of smart grids-
aggregator’s role in current electricity market,’’ M.S. thesis, Fac. Technol.
Elect. Eng., Lappeenranta Univ. Technol., Lappeenranta, Finland, 2010.

[6] Aggregator Programs, Demand Response Fact sheet, Pacific Gas Electr.
Company, San Francisco, CA, USA, Aug. 2013.

[7] A. Naeem, A. Shabbir, N. Ul Hassan, C. Yuen, A. Ahmad, and W. Tushar,
‘‘Understanding customer behavior in multi-tier demand response man-
agement program,’’ IEEE Access, vol. 3, pp. 2613–2625, 2015.

[8] L. Gkatzikis, I. Koutsopoulos, and T. Salonidis, ‘‘The role of aggregators
in smart grid demand response markets,’’ IEEE J. Sel. Areas Commun.,
vol. 31, no. 7, pp. 1247–1257, Jul. 2013.

[9] N. Lu, ‘‘An evaluation of the HVAC load potential for providing load
balancing service,’’ IEEE Trans. Smart Grid, vol. 3, no. 3, pp. 1263–1270,
Sep. 2012.

[10] Z. Wang, R. Paranjape, A. Sadanand, and Z. Chen, ‘‘Residential demand
response: An overview of recent simulation and modeling applications,’’
in Proc. 26th IEEE Can. Conf. Elect. Comput. Eng. (CCECE), May 2013,
pp. 1–6.

[11] Y. Jia, Z.Mi, Y. Yu, Z. Song, L. Liu, andC. Sun, ‘‘Purchase bidding strategy
for load agent with the incentive-based demand response,’’ IEEE Access,
vol. 7, pp. 58626–58637, 2019.

[12] M. H. Imani, M. J. Ghadi, S. Ghavidel, and L. Li, ‘‘Demand response
modeling in microgrid operation: A review and application for incentive-
based and time-based programs,’’ Renew. Sustain. Energy Rev., vol. 94,
pp. 486–499, Oct. 2018.

[13] J. Rodríguez-Molina, M. Martínez-Nunez, J.-F. Martínez, and W. Pérez-
Aguiar, ‘‘Business models in the smart grid: Challenges, opportuni-
ties and proposals for prosumer profitability,’’ Energies, vol. 7, no. 9,
pp. 6142–6171, Sep. 2014.

[14] C.-H. Lin, S.-J. Chen, L.-Y. Chang, C.-L. Kuo, and A. J.-L. Chen, ‘‘Ancil-
lary services management and dispatch using dynamic game model for a
generation aggregator businessmarket in smart grids,’’ J. Insitute Ind. Appl.
Eng., vol. 4, no. 2, pp. 72–79, Apr. 2016.

[15] Z. Chen, M. Wu, and Z. Zhao, ‘‘Evaluations of aggregators and DERs
in distribution system operations with uncertainties,’’ in Proc. Int. Conf.
Probabilistic Methods Appl. Power Syst., Boise, ID, USA, Jun. 2018,
pp. 1–6.

[16] W. Tang and H.-T. Yang, ‘‘Optimal operation and bidding strategy of a
virtual power plant integrated with energy storage systems and elasticity
demand response,’’ IEEE Access, vol. 7, pp. 79798–79809, 2019.

[17] Z. Xu, T. Deng, Z. Hu, Y. Song, and J. Wang, ‘‘Data-driven pricing strategy
for demand-side resource aggregators,’’ IEEE Trans. Smart Grid, vol. 9,
no. 1, pp. 57–66, Jan. 2018.

[18] ‘‘Virtual net metering policy background and tariff summary report,’’
Center for Sustainable Energy, California Solar Energy Industries, Assoc.,
Interstate Renew. Energy Council, Tech. Rep. 6902, Jun. 2015.

[19] E. Langham, C. Cooper, and N. Ison, ‘‘Virtual net metering in Australia:
Opportunities & barriers,’’ Rep. Prepared Total Environ. Center, Inst. Sus-
tain. Features, Sydney, NSW, Australia, Tech. Rep., Jun. 2013, pp. 1–19.

[20] S. Negri, E. Tironi, and D. S. Danna, ‘‘Integrated control strategy for
islanded operation in smart grids: Virtual inertia and ancillary services,’’
in Proc. Int. Conf. Environ. Elect. Eng. IEEE Ind. Commercial Power Syst.
Eur., Jun. 2017, pp. 1–6.

[21] O. Hart and B. Holmstrom, ‘‘Oliver Hart and Bengt holmstrom contract
theory,’’ in The Committee for the Prize in Economic Sciences in Memory
of Alfred Nobel. Stockholm, Sweden: The Royal Swedish Academy of
Sciences, Oct. 2016.

[22] A. László Kóczy and H. J. Kiss, ‘‘Hart and Holmström’s contributions to
contract theory,’’ Financial Econ. Rev., vol. 16, no. 1, pp. 162–174, 2017.

[23] M. H. Yaghmaee, B. Barabadi, and S. Alishahi, M. Zabihi, ‘‘Incentive
cloud-based demand response program using game theory in smart grid,’’
in Proc. 21st Conf. Elect. Power Distrib. Netw., Karaj, Iran, Apr. 2016,
pp. 153–160.

[24] J. Nash, ‘‘Non-cooperative games,’’ Ann. Math. Second Ser., vol. 54, no. 2,
pp. 286–295, Sep. 1951.

[25] M. A. Nowak, ‘‘Five rules for the evolution of cooperation,’’ Science,
vol. 314, no. 5805, pp. 1560–1563, Dec. 2006.

[26] J. B. Kadane and P. D. Larkey, ‘‘Subjective probability and the theory of
games,’’ Manage. Sci., vol. 28, no. 2, pp. 113–120, Feb. 1982.

[27] C.-H. Lin, S.-J. Chen, C.-L. Kuo, and J.-L. Chen, ‘‘Non-cooperative game
model applied to an advanced metering infrastructure for non-technical
loss screening in micro-distribution systems,’’ IEEE Trans. Smart Grid,
vol. 5, no. 5, pp. 2648–2649, Sep. 2014.

[28] T.-S. Zhan, S.-J. Chen, C.-C. Kao, C.-L. Kuo, J.-L. Chen, and C.-H. Lin,
‘‘Non-technical loss and power blackout detection under advanced meter-
ing infrastructure using a cooperative game based inference mechanism,’’
IET Gener., Transmiss., Distrib., vol. 10, no. 4, pp. 873–882, Mar. 2016.

[29] K.-L. Nguyen, D.-J. Won, S.-J. Ahn, and I.-Y. Chung, ‘‘Power sharing
method for a grid connected microgrid with multiple distributed genera-
tors,’’ J. Elect. Eng. Technol., vol. 17, no. 4, pp. 459–467, 2012.

[30] (2019). Pacific Gas and Electric Company (PG&E). [Online]. Available:
http//www.pge.com

[31] State of California. (2019). California Public Utilities Commission.
[Online]. Available: http://www.cpuc.ca.gov

FENG-CHANG GU was born in Taichung,
Taiwan, in 1985. He received the B.S. and M.S.
degrees from the Department of Electrical Engi-
neering, National Chin-Yi University of Technol-
ogy, Taichung, in 2007 and 2009, respectively, and
the Ph.D. degree from the Department of Electrical
Engineering, National Taiwan University of Sci-
ence and Technology, Taipei, Taiwan, in 2013.

He has been an Assistant Professor with the
Department of Electrical Engineering, National

Chin-Yi University of Technology, since 2018. His research interests include
artificial intelligence applications in electrical engineering, partial discharge
detection, fault diagnosis, and pattern recognition.

SHIUE-DER LU received the M.S. degree from
the Department of Electrical Engineering, Chung
Yuan Christian University, Taoyuan, Taiwan,
in 2006, and the Ph.D. degree from the Department
of Electrical Engineering, National Taiwan Uni-
versity of Science and Technology, Taipei, Taiwan,
in 2013.

From 2012 to 2016, he was a Postdoc-
toral Researcher with the Industrial Technology
Research Institute, Hsinchu, Taiwan. From 2016 to

2018, hewas anAssistant Researcher with theDepartment of Electrical Engi-
neering, Chung Yuan Christian University, Taoyuan. Since 2018, he has been
with the Department of Electrical Engineering, National Chin-Yi University
of Technology, Taichung, Taiwan, where he is currently an Assistant Pro-
fessor. His research interests include power systems, power quality, damage
diagnosis of wind power generator, and optimization algorithm.

129986 VOLUME 7, 2019



F.-C. Gu et al.: Interruptible Power Estimation and Auxiliary Service Allocation Using CT and Dynamic Game for DR

JIAN-XING WU was born in 1985. He received
the B.S. and M.S. degrees in electrical engi-
neering from the Southern Taiwan University
of Science and Technology, Tainan, Taiwan,
in 2007 and 2009, respectively, and the Ph.D.
degree in biomedical engineering from National
Cheng Kung University, Tainan, in 2014.

He was a Postdoctoral Research Fellow with
the X-ray and IR Imaging Group, National Syn-
chrotron Radiation Research Center, Hsinchu,

Taiwan, from 2014 to 2017. He was also a Postdoctoral Research Fellow
with the Department of Niche Biomedical LLC, California NanoSystems
Institute, UCLA, Los Angeles, CA, USA, from 2017 to 2018. He has
been an Assistant Professor with the Department of Electrical Engineering,
National Chin-Yi University of Technology, Taichung, Taiwan, since 2019.
His research interests include artificial intelligence applications in electri-
cal engineering and biomedical engineering, biomedical signal processing,
medical ultrasound, medical device design, and X-ray microscopy.

CHAO-LIN KUO received the B.S. degree from
the Department of Automatic Control Engineer-
ing, Feng Chia University, Taichung, Taiwan,
in 1998, the M.S. degree from the Institute of
Biomedical Engineering, National Cheng Kung
University, Tainan, Taiwan, in 2000, and the Ph.D.
degree from the Department of Electrical Engi-
neering, National Cheng Kung University, Tainan,
in 2006.

He was an Associate Professor with the Institute
of Maritime Information and Technology, National Kaohsiung Marine Uni-
versity, Kaohsiung, Taiwan, from 2011 to 2017. He has been a Professor with
the Institute of Maritime Information and Technology, National Kaohsiung
University of Science and Technology, since 2017. He has also been the
Chief of the Institute of Maritime Information and Technology, since 2018.
His current research interests include artificial intelligence applications in
electrical engineering and ocean engineering, intelligent control systems,
fuzzy systems, and embedded systems and its applications.

CHIA-HUNG LIN was born in Kaohsiung,
Taiwan, in 1974. He received the B.S. degree in
electrical engineering from the Tatung Institute
of Technology, Taipei, Taiwan, in 1998, and the
M.S. and Ph.D. degrees in electrical engineering
from National Sun Yat-sen University, Kaohsiung,
in 2000 and 2004, respectively.

He was a Professor with the Department
of Electrical Engineering, Kao-Yuan University,
Kaohsiung, from 2004 to 2017. He has been a Pro-

fessor with the Department of Electrical Engineering and a Researcher with
the Artificial Intelligence Application Research Center, National Chin-Yi
University of Technology, Taichung, Taiwan, since 2018. His research inter-
ests include neural network computing and its applications in power systems
and biomedical engineering, biomedical signal and image processing, health-
care, hemodynamic analysis, and pattern recognition.

SHI-JAW CHEN received the M.S. and Ph.D.
degrees in electrical engineering from National
Sun Yat-sen University, Kaohsiung, Taiwan,
in 1993 and 2001, respectively.

He was an Associate Professor with the Depart-
ment of Green Energy Science and Technology,
Kao Yuan University, Kaohsiung, Taiwan, from
2003 to 2018. His research interests include distri-
bution system state estimation, renewable energy,
energy management, power system operations,

and artificial intelligent applications in power systems.

VOLUME 7, 2019 129987


	INTRODUCTION
	METHODOLOGY
	DR AND AS STRATEGIES
	INTERRUPTIBLE POWER ESTIMATION WITH CT
	DG DISTRIBUTION WITH THE DGM

	EXPERIMENTAL RESULTS AND DISCUSSION
	DAY-AHEAD STRATEGY: PLAN OF ABOUT 20% OF THE DEMAND OF INTERRUPTIBLE POWER PER TIME PERIOD
	ONE-HOUR-AHEAD STRATEGY: USING CT METHOD TO ESTIMATE THE RANGE OF INTERRUPTIBLE POWER

	CONCLUSION
	REFERENCES
	Biographies
	FENG-CHANG GU
	SHIUE-DER LU
	JIAN-XING WU
	CHAO-LIN KUO
	CHIA-HUNG LIN
	SHI-JAW CHEN


